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Abstract

23
The mouse hind limb ischemia (HLI) model is well established for studying collateral vessel 24 formation and testing therapies for peripheral arterial disease, but there is a lack of quantitative 25 techniques for intravitally analyzing blood vessel structure and function. To address this need, 26 non-invasive, quantitative optical imaging techniques were developed to assess the time-course 27 of recovery in the mouse HLI model. Hyperspectral imaging and optical coherence tomography 28 (OCT) were used to non-invasively image hemoglobin oxygen saturation and microvessel 29 morphology plus blood flow, respectively, in the anesthetized mouse after induction of HLI. 30
Hyperspectral imaging detected significant increases in hemoglobin saturation in the ischemic 31 paw as early as 3 days after femoral artery ligation (p<0.01), and significant increases in distal 32 blood flow were first detected with OCT 14 days post-surgery (p<0.01). Intravital OCT images of 33 the adductor muscle vasculature revealed corkscrew collateral vessels characteristic of the 34 arteriogenic response to HLI. The hyperspectral imaging and OCT data significantly correlated 35
with each other and with laser Doppler perfusion imaging (LDPI) and tissue oxygenation sensor 36 data (p<0.01). However, OCT measurements acquired depth-resolved information and revealed 37 more sustained flow deficits following surgery that may be masked by more superficial 38 measurements (LDPI, hyperspectral imaging). Therefore, intravital OCT may provide a robust 39 biomarker for the late stages of ischemic limb recovery. This work validates non-invasive 40 acquisition of both functional and morphological data with hyperspectral imaging and OCT. 41
Together, these techniques provide cardiovascular researchers an unprecedented and
Introduction 49
Peripheral arterial disease (PAD) affects an estimated 8 million Americans and is associated 50 with increased risk of myocardial infarction, stroke, and reduced quality of life (1, 40, 53) . 51
Development of novel PAD treatments that are less invasive and more effective than the current 52 standard of care is a significant focus within basic and clinical cardiovascular research. Although 53 promising results from preclinical studies have justified translation of pro-angiogenic therapies, 54 recent clinical trials have yielded only mildly-encouraging, insignificant trends toward 55 improvement in secondary endpoints (17, 28, 31, 33, 38) . There are several factors that may 56 contribute to the disparity between successful preclinical studies and unsuccessful clinical trials. 57
For example, novel therapeutic strategies are often evaluated with the mouse hind limb 58 ischemia (HLI) model (6) in young and healthy animals, rather than in more relevant preclinical 59 models (e.g. aged, diabetic, hypertensive mice) that are more time-and cost-intensive to 60 implement (17). Preclinical models are also typically assessed only in the early stages of HLI 61 recovery, and very few experimental designs include time points to assess long-term stability of 62 therapeutically-stimulated neovasculature. However, this is a myopic strategy, as it has been 63 recently shown that therapeutic angiogenesis treatments can induce unstable vessels that 64 regress after cessation of treatment. Additionally, late-stage regression of vascular responses 65 that occur immediately following induction of HLI is particularly prevalent in the challenged 66 setting of diabetes (15, 26) . 67 site of arterial blockage and to measure restoration of blood flow in the femoral artery distal to 101 the ligation sites. Together, hyperspectral imaging and OCT enable non-invasive acquisition of 102 both functional and morphological measurements of recovery in the HLI model, providing new 103 insight into the dynamics of vascular remodeling, perfusion, and oxygen delivery at multiple 104 tissue depths and anatomical locations. The combined application of these non-invasive optical 105
imaging modalities provides researchers with a new toolset to quantitatively and intravitally 106 evaluate recovery from HLI, enabling more efficient preclinical development of improved PAD 107 therapies. 108 109
Materials and Methods 110
Animals 111 Male, 8-10 week-old A/J mice (Jackson Laboratories) were used in these studies. The animals 112
were fed a standard chow diet ad libitum and had free access to water. All protocols were 113 Hind limb ischemia was surgically induced in 20 mice according to the well-established model of 119 femoral artery ligation and transection (5, 6, 27) . Surgery was carried out under 1.5-2.5% 120 isoflurane anesthesia with the mice maintained at normal body temperature. After subcutaneous 121 administration of pre-operative analgesia (ketoprofen, 10 mg/kg) and removal of hair, the 122 surgical site was thoroughly cleansed with alternating iodine and chlorhexidine scrubs. A 5-mm 123 unilateral incision was then made over the right medial thigh of the mouse. The femoral artery 124 and vein were dissected away from the femoral nerve and were ligated with 6-0 silk sutures at 125 two locations: [1] immediately distal to the origins of the epigastric artery and deep branch of the 6 femoral artery and [2] approximately 2 mm distal to the first ligation, proximal to the origin of the 127 nearest distal branch. The artery and vein were transected between the two ligations, leaving a 128 gap of 2-3 mm. The wound was irrigated with sterile saline and the incision was closed with 129
interrupted 5-0 nylon sutures. The contralateral limb served as the control for each animal. 130 Analgesia (ketoprofen, 5-10 mg/kg) was administered subcutaneously every 18-24 hours post-131 operatively for 72 hours or until animals exhibited normal appearance and behavior. 132 133
Hyperspectral imaging system 134
Two-dimensional diffuse reflectance images were collected with a 200 W halogen lamp coupled 135 into a 10-mm core diameter liquid light guide for epi-illumination. The collection head consisted 136 of a Varispec VIS-20 liquid-crystal tunable filter (LCTF) for bandlimited optical filtering (CRI, 137 Inc.), a variable focal length (f = 28-80 mm) camera lens (Nikon), and a 512 x 512 pixel 138
PhotonMax CCD camera (Princeton Instruments), resulting in a sampling density of 58 μm 139 (schematic in Fig. 1A ). The LCTF tuning, CCD camera communication, shutter control, and data 140 handling were controlled with a custom C-based computer program with graphic user interface 141 controls from the Fast Light Toolkit (13). 142 143
Hyperspectral imaging validation 144
To obtain calibrated hemoglobin absorption spectra for the hyperspectral imaging system, 145 oxyhemoglobin and deoxyhemoglobin solutions were prepared from red blood cells obtained 146 from mouse whole blood collected from anesthetized mice via cardiac puncture with a 147 heparinized needle. After lysis of the red blood cells, the hemolysate was diluted 1:10 with 148
Dulbecco's phosphate-buffered saline (DPBS, GIBCO). An aliquot of the solution was inverted 149 repeatedly in room air to prepare an oxygenated hemoglobin solution, and a deoxygenated 150 hemoglobin solution was prepared by adding 5% wt/vol sodium dithionite (Sigma-Aldrich) to a 7 separate aliquot. Glass capillary tubes with an inner diameter of 1 mm were filled with the 152 oxygenated and deoxygenated hemoglobin solutions, sealed on the ends, and submerged in 153 index-matching immersion oil on a glass slide. A diffuse reflectance standard (Spectralon) was 154 placed below the glass slide to provide total reflection in areas where light was not absorbed by 155 hemoglobin. The measured spectra for oxyhemoglobin and deoxyhemoglobin were corrected 156 for the dark offset and the lamp spectrum. Repeated measures of oxy-and deoxyhemoglobin 157 solutions yielded similar spectra (n=3). These calibrated hemoglobin absorption spectra were 158 then used to fit measured absorption spectra for mouse whole blood at 100% and 0% (treated 159 with 5% wt/vol sodium dithionite) oxygenation in vitro to validate quantification of hemoglobin 160 oxygen saturation. Blood gas measurements were performed on parallel samples prepared in 161 the same way to verify that the pO 2 values in each solution were sufficiently high or low enough 162 to assume the mouse whole blood was 100% or 0% oxygenated, respectively. Hemoglobin 163 saturation images for whole blood were calculated from hyperspectral data (500 to 620 nm in 10 164 nm increments) using a model derived from an extension of the Beer-Lambert law (34, 42, 46) . 165
The model calculates the hemoglobin saturation in each pixel by fitting the measured spectra to 166 the calibrated spectra for oxy-and deoxy-hemoglobin, using linear least-squares regression (34, 167 42, 46) . Oxygenated and deoxygenated hemoglobin were assumed to be the dominant factors 168 contributing to absorption in this model. The measured saturation of 100% and 0% oxygenated 169 blood was 99.9% ± 0.3% and 6.7% ± 3.5%, respectively ( Fig. 1B ) thus validating the accuracy 170 of the system. 171
172
Hyperspectral imaging 173
Immediately following surgery (day 0) and at 3, 7, 14 and 21 days post-surgery, control and 174 ischemic footpads were imaged non-invasively through the skin with hyperspectral imaging (500 175 to 620 nm in 10 nm increments). Hyperspectral images can be collected at any location, but in 176 this study the footpads were selected as the site of interest since the most severe ischemia/hypoxia occurs in the distal limb in this model (27) . All imaging was carried out under 178 1-2% isoflurane anesthesia with the mice maintained at normal body temperature with a 179 circulating water heating pad. Anesthesia was delivered with 21% oxygen rather than 100% 180 oxygen to avoid artificial elevation of normal hemoglobin saturation. Measurements of the dark 181 offset and reflectance from a diffuse reflectance standard (Spectralon) were made before each 182 imaging session. Hemoglobin saturation images were calculated as described above, providing 183 2-D spatial maps of hemoglobin oxygen saturation that have not been previously obtained in 184 this model. For in vivo image processing, the effective attenuation coefficient (Eq. 1) for skin at 185 each wavelength was incorporated into a modified version of the Beer-Lambert law (Eq. 2) to 186 account for attenuation due to non-hemoglobin absorption and scattering effects (34, 42, 46) : ratio of the hemoglobin saturation in the ischemic footpad to that in the control footpad was also 202 computed to serve as an endpoint that is analogous to the quantification typically done with 203
LDPI. 204 205
Laser Doppler perfusion imaging 206
Following hyperspectral imaging, perfusion in the footpads was measured by LDPI (6, 41) 207
(Perimed) at 0, 3, 7, 14 and 21 days post-surgery under isoflurane anesthesia and normal body 208 temperature maintained with a circulating water heating pad. The ambient light was consistent 209 across all imaging days. For analysis of perfusion data sets, ROIs in each image were defined 210 by outlining the footpads. Perfusion values were obtained for each footpad by averaging the 211 values for all pixels contained with the ROI. Because LDPI is an intrinsically semi-quantitative 212 and relative measurement, perfusion images were quantified as a ratio of the average perfusion 213 value of the ischemic footpad to that of the control footpad. 214 215
OxyLite pO 2 measurements 216
Tissue oxygen tension (pO 2 ) was measured in the footpads of 5 mice under isoflurane 217 anesthesia and maintained at normal body temperature at 0, 3, 7, 14 and 20 days post-surgery 218 using the commercially-available fiber-optic OxyLite (Oxford Optronix) tissue oxygenation 219 sensor. To measure oxygen tension, the probe tip was inserted into the superficial region of the 220 footpad at a depth of approximately 1 mm with a needle, and pulses of LED light were 221 transmitted along the fiber optic probe to excite a platinum-based fluorophore enclosed within a 222 silicone matrix at the tip. The fluorescent light is quenched in the presence of oxygen and the 223 instrument detects the fluorescence lifetime, which is inversely proportional to the concentration 224 of dissolved oxygen. This value is used to calculate the absolute value of pO 2 in mmHg. The 225
OxyLite system simultaneously corrects for temperature effects with an integrated temperature 226 probe that provides the mouse core temperature during measurements. For this study, 227 measurements were taken in two locations on each footpad. After insertion of the probe, the 228 pO 2 reading was allowed to stabilize for 10-15 minutes. Once the reading stabilized, seven 229 measurements were recorded over 30 seconds to obtain an average pO 2 value. Data were 230 collected from two locations on the footpad and the two values were averaged to provide a 231 single value for each footpad. The pO 2 data were analyzed as both absolute values in mmHg 232 and as ratios of the ischemic footpad to the control footpad. 233 234
Optical coherence tomography 235
A spectral domain OCT system (Bioptigen) with 25 μm lateral resolution and an 860 nm center 236 wavelength, 51 nm bandwidth superluminescent diode (SLD) source (6.4 μm axial resolution in 237 air) was used ( Fig. 2A ). The SLD light is fiber coupled and split between a reference mirror and 238 the sample arm using a 50/50 fiber coupler, while X-Y galvos in the sample arm perform lateral 239
scanning. An aiming beam (642 nm) was also used to facilitate positioning of the hind limb at 240 the sample arm of the OCT system. Returning interference light is sent through an 860 nm 241 center wavelength circulator to a spectrometer with a 2048 pixel line scan CCD (Atmel -AViiVA 242 SM2). Prior to in vivo imaging of blood flow, Doppler OCT flow rate measurements were 243 validated in an Intralipid flow phantom controlled with a syringe pump (Fig. 2B ). The 244 displacement sensitivity of the OCT system is ~6 nm, resulting in theoretical minimum and 245 maximum detectable velocities (2, 45) of 0.08 mm/s and 11.6 mm/s, respectively, for an 80-μs 246 integration time and a range of Doppler angles. This sensitivity is in line with other OCT blood 247 flow detection techniques reported in literature (2, 30) . 248
For the hind limb ischemia study, two-dimensional B-scans and three-dimensional C-scan 249 volumes of Doppler OCT data were collected from two locations on each hind limb (ischemic 250 and contralateral) for mice (n=8) on days 0, 3, 7, 14 and 21 after surgery under isoflurane 251 anesthesia and normal body temperature. During imaging, a thin layer of water-based index 252 matching agent containing glycerin was applied to the skin and a glass cover slip was secured 253 over the area to reduce bulk motion. Doppler B-scans spanning 4 mm in length were acquired 254 with an 80 μs integration time per A-line (axial scan), 800 A-lines/B-scan (cross-sectional 255 image), and a Doppler number of 8 (n=9 repeated A-lines), resulting in a frame rate of 1.7 256 frames/second for Doppler B-scans. Repeated B-scans were collected in each area to allow for 257 temporal averaging and reduction in noise. For 3 mm by 3 mm speckle variance OCT volume 258 scans ("C-scans"), an 80 μs integration time per A-line, 200 A-lines/B-scan, 200 B-scans/C-259 scan, and a Doppler number of 6 (n=7 repeated A-lines) were used, resulting in a total volume 260 acquisition time of 22.4 seconds. OCT was evaluated in regions located proximally on the limb 261 relative to the hyperspectral imaging site, because the adductor muscle of the thigh is where the 262 arteriogenic collateral vessels form that are considered to be the most efficient mechanism for 263 restoring flow to the limb (41). The first imaging site (Area 1) contained segments of the femoral 264 artery and vein distal to the ligation site and proximal to the popliteal/saphenous bifurcation. 265
This region was selected to monitor restoration of blood flow over time as a biomarker for 266 formation of functional vascular anastomoses that bypass the more proximal site of femoral 267 artery obstruction. The second area (Area 2) was located in the adductor muscle region medial 268 to the site of femoral artery resection and was chosen to directly monitor changes in the 269 morphology and blood flow signal in anastomotic collateral vessels. Each limb was permanently 270 marked with tattoo ink to provide fiducial markers on the skin, facilitating alignment of the OCT 271 beam at the defined areas at each time point. All OCT imaging was performed non-invasively 272 through the skin, and longitudinal measurements were taken from the same set of mice, which 273 is unique relative to any other intravital OCT imaging previously accomplished with the HLI 274
model. 275
Doppler OCT B-scans containing cross-sectional images of the femoral artery and vein were 276 processed to reduce speckle noise and bulk motion artifact. Phase noise due to signal fall-off 277 with depth in the tissue was excluded by a threshold in the corresponding structural image, and 278 the bulk motion artifact due to respiration was reduced using a histogram-based correction 0.92 ± 0.11 mm (mean ± SD) from the surface of the skin. Following this processing, the 281 repeated B-scans from the same location were averaged temporally, and then a Doppler signal 282 threshold was computed for each limb at each time point from a region of static tissue (skin) to 283 further separate blood flow detection from background noise. Pixels with a Doppler signal 284 greater than the threshold were summed across the cross-sectional images and divided by the 285 total pixel area to define a vascular index for blood flow (including all arterial and venous 286 vessels combined) in the detected vasculature (48). The vascular index ratio is defined as the 287 ratio of the vascular index in the ischemic limb to that in the control limb. It should be noted that 288 that because Doppler OCT measures the velocity component that is parallel to the incident laser 289 beam, the vascular index is Doppler-angle dependent. It is possible to underestimate total flow 290 with this angle-dependent measurement, and vessels with high flow velocity can go undetected. 291
We hypothesized that the femoral artery would have the highest flow rate in these images, and 292 because Doppler signal was observed throughout the femoral artery in all of the quantified 293 images, we do not believe that angle dependency had a significant effect on our flow index 294
calculation. 295
In order to visualize projection images of the vasculature at the distal femoral artery and 296 adductor muscle regions, volume data sets were processed with a speckle variance technique 297 that computes the variance in each pixel over seven repeated A-lines at each lateral position 298 (30). The resulting speckle variance images represent OCT flow signal for perfused vessels 299 within the imaged volume. Noise due to signal fall-off was excluded by thresholding the 300 corresponding structural images to create a mask, and an average signal projection over the 301 depth (approximately 1 mm) of the speckle variance OCT data was used to visualize all vessels 302 present in the volume. 303 304
Correlations between techniques 307
The relationships between LDPI and our noninvasive optical techniques were tested with the 308 Pearson's correlation coefficient (36) Measures of vascular structure and function following induction of HLI were obtained using 328 optical imaging methods (hyperspectral imaging and optical coherence tomography) and were 329 compared to traditional methods of evaluating the mouse HLI model (laser Doppler perfusion 330 imaging and tissue oxygen tension).
LDPI measurement of paw perfusion 333
LDPI-based perfusion in the footpads was analyzed in the same animals for which 334 hyperspectral imaging and OCT data were collected. The ischemic-to-control perfusion ratio 335 was severely reduced at day 0 as shown by a representative perfusion image (Fig. 3A) , then 336 increased significantly beginning at day 7 until perfusion was completely recovered in the 337 ischemic limb by day 21 (Fig. 3B ). Significant increases in the ratio were observed between 338 days 3 and 7, 7 and 14, and 14 and 21 post-surgery (p<0.05). 339 340
Fiber-optic probe sensor measurement of paw tissue oxygen tension 341
Tissue pO 2 in the footpads measured with the OxyLite sensor showed significant differences 342 between the control and ischemic footpads on days 0 through 7 ( Fig. 3C ). However, there was 343 large standard deviation in the ischemic-to-control footpad ratio on days 7 through 20 ( Fig. 3D) . 344 Figure 4 illustrates the variability between control footpad measurements taken at two different 345 locations in each foot and also highlights the lack of reliability of the OxyLite system to measure 346 normoxic pO 2 levels (greater than 10 mmHg). Because the dynamic range of the OxyLite is 347 better aligned with measurement of pO 2 in ischemic tissues, the data recorded in the ischemic 348 footpad at early time points (days 0 and 3) was less variable than at later time-points ( Fig. 4) . 349 350
Hyperspectral imaging of paw hemoglobin oxygen saturation 351
We used an LCTF-based hyperspectral imaging system to non-invasively acquire quantitative 352 hemoglobin saturation measurements on the hind feet of mice after unilateral induction of 353 ischemia. This method provides an absolute measurement and yields a value integrated over 354 the entire footpad, unlike semi-quantitative LDPI and invasive probe-based pO 2 techniques. 355
Analysis of hemoglobin saturation images (representative images, Fig. 5A-B ) revealed a 356 significant reduction in oxygenation of the ischemic footpad relative to contralateral controls 357 from day 0 through day 7 post-surgery ( Fig. 5C ). Normalized data (ischemic/control) shows that 358 hemoglobin saturation in the ischemic footpad was reduced to approximately 40% of the control 359 immediately following surgery ( Fig. 5D ) and that the ratio increased significantly at each 360 subsequent time point relative to the prior time point (3 vs. 0, 7 vs. 3, 14 vs. 7, and 21 vs. 14) 361 (p<0.05). The hemoglobin saturation ratio fully recovered by day 21. Because hyperspectral 362
imaging acquires a 2-D image rather than a point measurement like the OxyLite system, we 363 were able to obtain the distribution of hemoglobin oxygen saturation across all of the pixels 364 within the footpad in addition to quantifying the mean value over the entire footpad (Fig. 6) . The 365 distribution peak is shifted toward zero in the ischemic footpad upon induction of ischemia, and 366 the variance (s 2 ) in hemoglobin saturation values differed significantly between the ischemic and 367 control footpads at days 0 (p<0.05), 7 (p<0.05), and 14 (p<0.001). The distribution of pixel 368 values within hyperspectral images of the ischemic footpad shifts over time and is similar to the 369 control footpad distribution by day 21 (p=0.096). 370
371
OCT vascular imaging and blood flow measurement 372
OCT provides quantitative, three-dimensional, structure-function information that is 373 complementary to the blood oxygenation measurements acquired with hyperspectral imaging. 374
Here, images of newly-recruited collateral vessels in the adductor region (speckle variance 375 OCT) and functional blood flow measurements in the distal femoral artery region (Doppler OCT) 376
were both acquired non-invasively through the skin of the ischemic and control hind limbs. 377
Average intensity projections of speckle variance OCT images of the ischemic hind limb 378 revealed restoration of blood flow in the femoral artery region distal to the ligation site (Area 1) 379 and visible recruitment of collateral vessels in the adductor region (Area 2) over time (Fig. 7) . 380
Representative images of Area 1 at day 0 from the control (Fig. 7Ai ) and ischemic ( Fig. 7Aii-iv ) 381 limbs showed that anatomical images of the vasculature in the control limb could be resolved 382 ( Fig. 7Ai ) and that the OCT flow signal was absent immediately following HLI surgery (Fig. 7Aii) . 383
Images from the same animal at days 14 and 21 post-surgery showed re-appearance of blood 384 flow in the ischemic limb at this site ( Fig. 7Aiii-iv) . Small pre-existing arterioles were visible in the 385 adductor muscle (Area 2) of both the control and ischemic limbs at day 0 ( Fig. 7Bi-ii) . By day 7, 386 there was evidence of arteriogenic collateral recruitment based on appearance of new, larger 387 vessels with increased OCT flow signal that were more clearly resolved than the small arterioles 388 present in the same region at day 0 in the same animal (Fig. 7Biii ). Vessels with corkscrew 389 morphology characteristic of remodeling collateral vessels (41) were present at 7 and 14 days 390 post-surgery (arrowheads, Fig. 7Biii-iv) . 391
Color-coded Doppler OCT images were overlaid onto structural OCT images at day 0 for 392 Area 1 (cross section over femoral artery/vein distal to the site of femoral artery resection and 393 just proximal to the popliteal bifurcation). These images illustrated the presence of perfusion in 394 the femoral artery (red) and vein (blue) in the control limb, while there was no Doppler OCT 395 signal from these vessels in the ischemic limb immediately after surgery ( Fig. 8A-B) . The 396 corresponding structural OCT image provided confirmation that the vessels were located within 397 the scanned area (Fig. 8B) . The Doppler OCT vascular index in Area 1, which includes smaller 398 vessels located near the obstructed femoral artery and vein, was reduced to approximately 30% 399 of the contralateral control limb at day 0 ( Fig. 8D ). Recovery of functional blood flow in this 400 region was delayed relative to recovery as measured by hyperspectral imaging and other gold 401 standard methods, showing no significant increase at days 3 or 7 relative to measurements 402 taken immediately post-surgery. However, by weeks 2 and 3 post-surgery, perfusion at this 403 distal site increased significantly in the ischemic limb ( Fig. 8C-D) , with significant increases in 404 the vascular index ratio at days 14 and 21 with respect to the preceding time point (p<0.01). 405 406
Correlations between hyperspectral imaging, OCT, and gold standard techniques 407
The relationships between standard methods and our noninvasive optical techniques were 408 tested across all animals and time-points, in order to define these new optical methods in the 409 context of existing methods used to assess recovery in the mouse HLI model. The hemoglobin 410 oxygen saturation ratio measured with hyperspectral imaging positively correlated with both 411 LDPI-measured perfusion and OxyLite-measured tissue oxygen tension ratios with Pearson's 412 correlation coefficients (r) of 0.74 and 0.97, respectively ( Fig. 9A-B ). Though the Doppler OCT 413 vascular index ratio appeared to better measure a later stage of recovery relative to the other 414 techniques, it did positively correlate with LDPI perfusion and hemoglobin oxygen saturation 415 ratios with correlation coefficients of 0.63 and 0.56, respectively ( Fig. 9C-D) . All correlations are 416 statistically significant (p<0.01). The inter-animal variability observed with each technique is 417 illustrated by plots of the longitudinal responses of individual animals in Figure 10 . consuming post-mortem tissue preparations, and multiple methodologies for evaluation (17) . 429
Therefore, the ability to identify and quantify robust biomarkers for angiogenesis and 430 arteriogenesis and measure these endpoints repeatedly in a given animal provides valuable 431 longitudinal data to complement traditional endpoints. This could significantly accelerate and 432 improve the development of novel therapeutics for PAD. 433
The current study validates a new approach that combines hyperspectral imaging and OCT 434 for intravital acquisition of comprehensive vascular structure and function information in the inaccessible insights into the dynamic changes of physiological endpoints at different tissue 437 sites. Hemoglobin oxygen saturation and LDPI perfusion, both measured superficially in the 438 footpads, have the strongest correlation within a single cohort of mice (Fig. 9A ). However, 439 hemoglobin saturation is recovered more rapidly in the first week with a significant increase in 440 the ischemic-to-control ratio at day 3 (Fig. 5D ). Hemoglobin oxygen saturation is also less 441 severely reduced and recovered more rapidly than tissue pO 2 measured with the OxyLite sensor 442 ( Fig. 9B ). All three of these endpoints (hemoglobin saturation, pO 2 , and LDPI perfusion) were 443 measured superficially in a distal site of ischemia, the footpad, but the temporal differences 444 observed between techniques suggests that they qualify as distinct physiological endpoints 445 rather than being linearly correlated with each other. In addition to correlating with the LDPI and 446
OxyLite pO 2 measurements performed in this study, the absolute hemoglobin oxygen saturation 447 values measured by hyperspectral imaging of the control and ischemic footpads are similar to 448 published data acquired with volume-averaged diffuse optical spectroscopy measures (32). 449
Hyperspectral imaging overcomes some limitations of current gold standards (LDPI and 450
OxyLite pO 2 measurements). The pO 2 measurement technique was used as a comparison 451 because of its similarity to the hyperspectral imaging endpoint of hemoglobin oxygen saturation, 452 but its invasiveness further limits the potential usefulness of this technique for the HLI model. 453
Interpretation of OxyLite pO 2 measurements is limited by the high inter-animal ( Fig. 3D, 4 , and 454 10C) and intra-animal ( Fig. 4) variability, which is likely attributed to the small sampling area 455 (0.038 mm 2 ) (3) and decreased accuracy at normoxic pO 2 levels. Our observations of significant 456 variations in pO 2 measurements in tissues at normoxic pO 2 levels with the OxyLite system are 457 aligned with published results (35). Previous papers have also noted variable pO 2 values with 458
the OxyLite system in hypoxic regions (35). If the probe tip is placed in a poorly perfused or 459 necrotic environment, it will measure a pO 2 value near 0. Since necrosis and perfusion are not 460 uniform across the entire footpad, measurements in the ischemic footpad may show large depth of the measurement. To mitigate these potential variables, the probe was introduced with 463 the same gauge needle each time, insertion into the tissue was halted once the probe tip 464 passed completely through the skin, and measurements from two locations in each footpad 465 were averaged. The invasiveness of the pO 2 probe required the use of a separate cohort of 466 mice for this endpoint, limiting subsequent correlations to mean pO 2 values rather than 467
individual animal values, because the needle-guided insertion invoked perfusion changes in the 468 footpad unrelated to femoral artery obstruction. In addition, hyperspectral imaging data are more 469 consistent between animals than both LDPI data and single-point measurements of pO 2 (Fig.  470 10A-C). In order to determine whether the variation in control hemoglobin saturation values 471 across multiple time points is due to physiological (rather than instrument) variability, repeated 472 measurements were taken with the instrument on a whole-blood phantom (n=5). The resulting 473 measurements varied by 4% of the mean, while repeated control footpad measurements across 474 multiple days varied by 16% of the mean. The greater variability observed in the control limbs 475 relative to the blood phantom suggests that the variation is largely due to physiological factors 476 such as body temperature, depth of anesthesia, and recovery from surgery, rather than 477 instrument variability. Although both hemoglobin oxygen saturation and LDPI perfusion are 478 sensitive to changes in body temperature, inter-animal variability was lower for the hemoglobin 479 oxygen saturation endpoint at later time points (Fig. 3B, 5D & 10A-B ), suggesting that 480 hyperspectral imaging may be less sensitive to extraneous variables than LDPI. Taken together, 481 these data indicate that hyperspectral imaging provides an attractive non-invasive and absolute 482 measure of blood oxygenation that can be used as a robust indicator of ischemic recovery over 483 time at a cost competitive with that of an LDPI system. 484
Speckle variance OCT was successfully utilized to intravitally image changes over time in 485
the femoral artery region distal to the site of arterial resection (Area 1) in order to assess 486 formation of functional anastamoses that restore flow to the primary conduit arteries that feed blood vessels in the distal femoral artery region (Fig. 7A ) over a time frame slightly delayed (14 489 vs. 7 days) relative to visualization of collateral vessels at the more proximal imaging site in the 490 adductor muscle (Area 2) ( Fig. 7B) . Speckle variance OCT also enabled visualization of 491 tortuous, enlarged collateral vessels in the adductor muscle region (Area 2) at 7 and 14 days 492 post-surgery (Fig. 7B) . The observed corkscrew vessel morphology is consistent with previous 493 studies using post-mortem techniques to study arteriogenesis in the HLI model (9, 18, 19, 41) . 494
Enlargement and remodeling of collateral vessels in the adductor muscle occur to compensate 495 for increased hemodynamic demand caused by redirection of blood flow to these vessels 496 following femoral artery ligation (27) . The ability to intravitally acquire high-resolution images to 497 longitudinally visualize anatomical enlargement and increased hemodynamics within these 498 collateral vessel networks is especially impactful because it provides a measure of 499 arteriogenesis and development of stable anastamoses that bypass the arterial blockage and 500 restore normoxia in the distal limb (26). The use of OCT to acquire depth-resolved images that 501 relate vessel structure and function through the skin represents a significant improvement over 502 current methodologies used in the mouse HLI model. 503
The second type of OCT data was a Doppler-based endpoint and was used for 504 transcutaneous measurement of perfusion in the femoral artery and its surrounding musculature 505 just proximal to the popliteal bifurcation (Area 1). A vascular index calculated from this region 506 showed slower temporal recovery from ischemia compared to more superficial measures of 507 recovery at the paw such as hyperspectral imaging and LDPI. The Doppler OCT vascular index 508 in the ischemic limb did not improve significantly until day 14 (Fig. 8D) , and it did not correlate 509 as strongly with LDPI, as compared to hyperspectral imaging (Fig. 9 ). This is likely because 510 LDPI and hyperspectral imaging are more superficial, cutaneous measurements that were both 511 acquired on the paw and could be more sensitive to microvascular changes. The endpoint 512 quantified from OCT images represents blood flow signal from deeper vasculature in a cross-513 sectional ROI located proximally to the paw that was defined to acquire a cross-sectional area 3 514 mm in length and 1-2 mm in depth centered on the distal femoral artery and vein. In this study, 515 the Doppler OCT vascular index was measured for a single sampling volume, but future 516 applications of OCT in the HLI model could provide an index of total blood flow by stitching 517 together multiple volumes. Additionally, the Doppler angle could be measured from a 518 corresponding 3-D structural image in order to study the changes in absolute blood flow 519 velocities that occur in the limb over time (7). This approach would remove the angle-520 dependency of the vascular index used to quantify the Doppler OCT data and minimize the 521 potential to underestimate flow as noted in the Methods. Other angle-independent parameters 522 may also be derived from Doppler OCT data, including the pulsatility index (39) and power 523 Doppler signal (54). Although the imaging sites differed, the Doppler OCT vascular index 524 correlated more strongly with LDPI than with hemoglobin saturation, likely due to the greater 525 physiological similarity between these two measurements of perfusion. Notably, both Doppler 526
OCT and LDPI perfusion values were reduced by about 80% in the ischemic limb in the first 527 three days following induction of ischemia, even though data were not gathered at the same 528 location. By day 21, the Doppler OCT vascular index of the ischemic limb exceeded that of the 529 control limb, which is potentially the result of more smaller vessels compensating for the single, 530 larger conduit vessel in the quantified cross-sectional area of the proximal limb. These collective 531 data indicate that, because it is a deeper measurement that resolves flow in individual vessels 532 (i.e. femoral artery), Doppler OCT may provide insight into the later stages of ischemic recovery 533 that was previously inaccessible using intravital, superficial imaging techniques. This concept is 534 supported by previous studies suggesting that tissue recovery is heterogeneous with depth (32), 535 and superficial measurements of resting blood flow can mask underlying flow deficits and falsely 536 indicate full recovery of ischemic limb function that become apparent when the animal is 537 physically challenged (4). 538
To our knowledge, this is the first study to measure functional and morphological data in the 539 mouse hind limb noninvasively through the skin with OCT and quantify the response 540 longitudinally. Speckle variance OCT provided three-dimensional images of microvessel 541 morphology (Fig. 7) , and Doppler OCT provided a quantitative measure of perfusion (Fig. 8 ) 542
through the skin without contrast agents or invasive procedures. Recently, feasibility of 543 obtaining depth-resolved microvascular images in skeletal muscle with ultrahigh sensitive 544 optical microangiography, an extension of OCT, was demonstrated by Jia et al. (23) . In this 545 study, tissue perfusion in the exposed gastrocnemius muscle (via incision in overlying skin) was 546 quantified in the acute stage of ischemia (45 seconds) and qualitatively assessed over time 547
following femoral artery ligation. Jia et al. observed pronounced reduction in blood supply within 548 one hour of ligation followed by restoration of perfusion in the gastrocnemius at one week. Their 549
images of blood flow in the gastrocnemius at one week agree with observations at the same 550 time point in the current studies that tortuous collateral vessels had formed in the adductor and 551 that flow could be detected at a distal site on the femoral artery (Fig. 7) . However, this study did 552 not present quantitative data to characterize the time course of recovery and required cutting 553 the skin to expose the muscle for imaging at each time point. This uncontrolled wounding in the 554 limb may alter the local vasculature independent of the induction of ischemia. 555
The combined OCT / hyperspectral imaging approach is attractive because multiple 556 physiological parameters can be non-invasively measured through the skin at every time point 557 within the same animal. The inter-animal variability present in the measures of recovery even 558 within inbred strains (Fig. 10) highlights the importance of longitudinally monitoring individual 559 animals, in addition to traditional post-mortem data acquisition from separate animal cohorts at 560 distinct time-points (49, 52, 56) . The ability to longitudinally track the response to regenerative 561 therapies within each individual animal allows for more accurate estimations of treatment effects 562 and better statistically-powered studies. It also enables one to study what effects discrete 563 genetic differences in vascular morphology may have on response to specific therapeutic 564 regimes (5, 18, 56) . In this study A/J mice were used, but these techniques are not limited to a 565 particular mouse strain. In addition, in vivo imaging allows one to circumvent artifacts associated 566 with post-mortem animal evaluation caused by injection of viscous contrast agents at super-567 physiologic pressures or masking of desired epitopes due to fixation (9, 11, 14) . 568
This study validates that a combination of hyperspectral imaging and OCT allows for non-569 invasive in vivo imaging of vascular structure and function (microvessel morphology, perfusion, 570 and blood oxygenation) over the time course of ischemic recovery. These new methods not only 571 streamline in vivo evaluations, but also provide novel insights into ischemic recovery. For 572 example, there is not an exact correlation between increases in vessel density, restoration of 573 perfusion and oxygen delivery to the superficial tissues in anesthetized mice, and full recovery 574 from induction of HLI (Fig. 9) . These data suggest that biomarkers for recovery should be 575 probed in multiple locations and tissue depths due to the heterogeneity in ischemic recovery as 576 a function of these two parameters. Currently, most intravital assessments are superficial in 577 nature, and the data presented herein confirm previous studies (4) suggesting that these 578 superficial measurements in anesthetized animals can mask residual flow deficits. With current 579 methods, a comprehensive assessment of response to HLI requires multiple modalities and 580 cumbersome post-mortem evaluations. Together, hyperspectral imaging and OCT provide in 581 vivo images of microvessel structure and function that can be obtained in multiple locations and 582 tissue depths for an unprecedented evaluation of vascular physiology in individual animals. This 583 longitudinal, intravital data is complementary to standard, post-mortem micro-CT and histology 584 endpoints that can be acquired at the end of an intravital study. Doppler OCT imaging appears 585 to fill a unique niche relative to other intravital methods because it provides depth-resolved data 586 and serves as an improved biomarker for the final stages of recovery from HLI. These combined 587 techniques will facilitate the use of more complex and more physiologically relevant mouse 588 models of PAD such as diabetic and aged animals through a reduction in both the number of 589 cohorts required and the time required for acquisition of comprehensive data. This advance in 590 preclinical methodologies is anticipated to accelerate the development of improved therapeutic 591 clinical treatments for PAD. 592 the ROIs of all n=15 animals. Histograms of hemoglobin saturation were generated from all 835 pixels within the control and ischemic footpads and normalized to the ROI pixel area at (A) day values is shifted toward zero in the early time points for the ischemic footpad. This is followed by 838 shifting of the peak to overlap with the control footpad data by day 14. The variance of 839 hemoglobin saturation values within each footpad (average of n=15 animals) is indicated by s 2 840 above each histogram. The variance of the ischemic footpad differed significantly from that of 841 the control footpad at days 0, 7, and 14. * corresponds to p<0.05 and *** corresponds to 842 p<0.001 as determined with a Wilcoxon Signed-Rank test with respect to the corresponding 843 control measurement. 
